Orthograde Wallerian degeneration normally brings about fragmentation of peripheral nerve axons and their sensory or motor endings within 24 -48 h in mice. However, neuronal expression of the chimaeric, Wld S gene mutation extends survival of functioning axons and their distal end-ings for up to 3 weeks after nerve section. Here we studied the pattern and rate of degeneration of sensory axons and their annulospiral endings in deep lumbrical muscles of Wld S mice, and compared these with motor axons and their terminals, using neurone-specific transgenic expression of the fluorescent proteins yellow fluorescent protein (YFP) or cyan fluorescent protein (CFP) as morphological reporters. Surprisingly, sensory endings were preserved for up to 20 days, at least twice as long as the most resilient motor nerve terminals. Protection of sensory endings and axons was also much less sensitive to Wld S gene-copy number or age than motor axons and their endings. Protection of y-motor axons and their terminals innervating the juxtaequatorial and polar regions of the spindles was less than sensory axons but greater than a-motor axons. The differences between sen-sory and motor axon protection persisted in electrically si-lent, organotypic nerve-explant cultures suggesting that re-sidual axonal activity does not contribute to the sensory-motor axon differences in vivo. Quantitative, Wld S -specific immunostaining of dorsal root ganglion (DRG) neurones and motor neurones in homozygous Wld S mice suggested that the nuclei of large DRG neurones contain about 2.4 times as much Wld S protein as motor neurones. By contrast, nuclear fluorescence of DRG neurones in homozygotes was only 1.5 times brighter than in heterozygotes stained under identical conditions. Thus, differences in axonal or synaptic protection within the same Wld mouse may most simply be explained by differences in expression level of Wld protein between neurones. Mimicry of Wld S -induced protection may also have applications in treatment of neurotoxicity or peripheral neu-ropathies in which the integrity of sensory endings may be especially implicated.
There is growing evidence that degeneration of axon ter-minals precedes death of cell bodies in several forms of neurodegenerative disease (Selkoe, 2002; Gillingwater et al., 2003; Forero et al., 2006; Lin and Koleske, 2010) . For example, in amyotrophic lateral sclerosis (ALS), some motor nerve terminals become sensitive to metabolic stress and degenerate before their cell bodies show overt path-ological signs, both in humans with ALS and in mouse models of the disease (Frey et al., 2000; Fischer et al., 2004; Schaefer et al., 2005; David et al., 2007) . Under-standing the determinants and mechanisms of degenera-tion of axons and their terminals may therefore reveal molecular targets for mitigation of synaptopathies, ax-onopathies and other forms of neurodegenerative disease. An attractive, classic model of axonopathy is 'Wallerian' degeneration. Following nerve transection or other forms of local axonal trauma, the isolated distal compartments of neurones undergo active, orthograde degenera-tion. Fragmentation of distal axons, an early pathological sign of Wallerian degeneration, occurs about 36 h after nerve injury (Beirowski et al., 2004 Coleman and Freeman, 2010) . Remarkably, however, degeneration of motor nerve terminals -the most distal components of the axon -is complete about 12-18 h earlier than this, that is, within 12-24 h of axotomy (Slater, 1966; Miledi and Slater, 1968; Usherwood, 1975, 1976; Wong et al., 2009) . Thus, Wallerian degeneration of some neuromus-cular synaptic terminals is complete before more proximal parts of their axons may show any overt pathological signs Beirowski et al., 2004) . Surprisingly, following axonal trauma in Wld S ('WaLlerian Degeneration -Slow') mutant mice, some distal axons survive nerve injury for more than 3 weeks (Lunn et al., 1989; Mack et al., 2001; Beirowski et al., 2005 Beirowski et al., , 2009 ). The spontaneous mutation responsible therefore confers one of the strongest neuroprotective phenotypes, selective for axons, yet discovered. Positional cloning and sequencing established that the mutation in Wld S mice comprises an autosomal-dominant tandem triplication of a genomic DNA fragment of 85 kb. The fusion boundaries bridge the com-plete sequence of one native gene (Nmnat-1) and the partial, N-terminal sequence of another (Ufd2, now re-ferred to as its mammalian homologue Ube4b) (Lyon et al., 1993; Coleman et al., 1998; Conforti et al., 2000) . Trans genic expression of this chimaeric candidate gene con-firmed its strong neuroprotective phenotype (Mack et al.,2001; Adalbert et al., 2005; Hoopfer et al., 2006; MacDonald et al., 2006; Martin et al., 2010) . Both principal com-ponents of the Wld S protein contain short peptide se-quences that are necessary for axon protection, including the catalytic site for Nmnat enzymic activity and a valosin-containing peptide-binding motif in the N-terminus of Ube4b . A nuclear localisation signal (NLS) embedded in Nmnat-1 results, as expected, in strong intranuclear transport of Wld S protein (Mack et al., 2001; Wilbrey et al., 2008) . However, recent studies show that either inhibition of nuclear localisation of Wld S or tar-geting low levels of cytoplasmic Nmnat activity to an intra-axonal compartment, result in strengthening of both axonal and synaptic protection and counteract its agedepen-dence (Gillingwater et al., 2002; Beirowski et al., 2009; Babetto et al., 2010; Coleman and Freeman, 2010; Gilley and Coleman, 2010) . Thus, at least two variables determine the amount and extent of protection by Wld S protein: its expression level and the proportion localised to intracellular components of the axon. In that context, we have re-examined the differ-ences in protection reported previously between sensory and motor axons in Wld S mice . First, we found that sensory-motor differences in Wld S -induced axonal protection extend to the axon terminals. The annu-lospiral sensory endings innervating muscle spindles are protected for at least twice as long as the terminals of motor axons. Second, we show that axotomised sensory endings and axons remain responsive to peripheral stimulation and competent to conduct action potentials for several days. However, we found that differences in pro-tection of sensory and motor axons persisted in quiescent, organotypic nerveexplant culture, suggesting that differences in residual activity in vivo do not account for the differences in sensory/motor axon degeneration. Third, quantitative estimates of Wld S immunostaining indicated stronger labelling of the largest neurones in the dorsal root ganglion (DRG) than in spinal motor neurones, suggesting that the overall level of Wld S protein expression is substantially greater in these DRG neurones than motor neurones. Taken together, the data indicate that the differences in protection of sensory and motor axons and their endings in Wld S mice is most simply explained by differences in the overall amount of expression of Wld S protein in sensory and motor neurones and their axonal branches. The robust protection of sensory axons and terminals we studied here underscores the therapeutic potential for mimicry of Wld S -induced neuroprotection as a treatment for sensory neuropathies, in addition to motor axonopathies like ALS. 
Animals

Surgery
Mice were anaesthetised by inhalation of halothane (Merial Animal Health Ltd., Harlow, UK) at 2-5% in oxygen and nitrous oxide (1:1). The sciatic nerve on one side was exposed by blunt dissec-tion and approximately 1 mm of the nerve was removed. The skin wound was normally closed with a single suture using 7/0 silk thread with an integrated needle (Ethicon, Kirkton, UK), and the animals were returned to their cages and allowed to recover
Lumbrical muscle spindle dissection and analysis
We studied 65 lumbrical muscle spindles in situ and 15 teased spindles. Mice were sacrificed between 8 h and 20 days after the sciatic nerve cut, and the four deep lumbrical (DL) muscles from each hind foot were dissected in oxygenated mammalian physio-logical solution with mM concentrations as follows: NaCl 120; KCl5; CaCl2 2; MgCl2 1; NaHCO3 23.8; D-glucose 5.6. Dissected preparations were incubated with a-bungarotoxin conjugated with tetramethylrhodamine isothiocyanate (TRITC-a-BTX; purchased from either Molecular Probes or Cambridge Bioscience, Cam-bridge, UK) for 10 min followed by washes in physiological solu-tion, then fixed in 4% paraformaldehyde (PFA; Fisher Scientific, Loughborough, UK) for 20 min and finally washed in 1% phos-phate buffered saline (1% PBS with the following millimolar con-centrations; NaCl 137, KCl 2.76, Na2HPO4 8.10 and KH2PO41.47). In some preparations, muscle spindles were teased out of the lumbrical muscles, on a microscope slide in glycerol using a pair of pin vices before mounting. The position of the spindle was monitored using a compound fluorescence microscope during the dissection. Once the intrafusal muscle fibres were exposed to the extent that their innervation was distinct from all the extrafusal innervation, preparations were then mounted on glass slides in either Mowiol (Calbiochem, Nottingham, UK) or glycerol with 2.5% 1, 4-diazabicyclo [2.2.2] octane (DABCO) and covered with glass coverslips, to allow visualisation using fluorescence and confocal microscopy. Images were made using conventional fluorescence (Olympus BX50WI; Southend-on-Sea, UK, fitted with Hamamatsu C5810 (Welwyn Garden City, UK) or C4742-80 digital cameras and digitised using Perkin-Elmer/Improvision Openlab software, Seer Green, UK) or confocal microscopy (BioRad, Welwyn Gar-den City, UK; Radiance 2000 on a Nikon Eclipse E600 micro-scope, Kingston, UK). Some confocal stacks were subsequently volume rendered using Bitplane Imaris software (Bitplane Imaris, Zurich, Switzerland) (Supplementary Videos 1 and 2).
Electrophysiology
Mice were terminally anaesthetised with ketamine and xylazine and positioned on a platform that permitted exposure and extra-cellular recording with platinum wire electrodes from the exposed tibial nerves in the lower limb. Action potentials evoked by natural stimulation of the foot and ankle (touch, pressure, extension and flexion) were filtered and amplified (Neurolog, Digitimer, Welwyn Garden City, UK) and recorded onto a PC using Spike-2 software via a CED1401+ interface (Cambridge Electronic Design, Cam-bridge, UK).
Vital staining of sensory endings
Lumbrical muscles were dissected as described previously. Muscles were then pinned in the Sylgardcoated (Dow Corning, Midland,USA) Petri dish and incubated with the fixable, vital aminostyryl dye FM1-43fx (Invitrogen, Paisley, UK) diluted in oxygenated physiological solution to give a final concentration of 4-10_M (Bewick et al., 2005) . The muscles were pinned under full tension for 20 min and then returned to resting length for a further 20 min. This stretch followed by a relaxation of the muscles was repeated three times giving a total time of submersion in the FM1-43fx of 2 h. The solutions were continuously stirred by placing the dish on a rotating platform during incubations. Muscles were quickly washed in three changes of oxygenated physiological solution then fixed in 4% PFA for 20 min, then mounted in DABCO and glycerol.
Nerve explant culture
Dorsal root, ventral root, saphenous nerve and quadriceps nerve explants were dissected from mice killed by cervical dislocation and immediately placed in 3 ml of Dulbecco's Modified Eagle's Medium (DMEM) supplemented with Glutamax, 10% fetal bovine serum, 2-mM L-glutamine, 100 U/ml penicillin and 100 _g/ml streptomycin (Gibco, Invitrogen) and cultured at 37 °C in 5% CO2 for up to 15 days. After incubation the explants were rinsed in PBS for 5 s then fixed in fresh, buffered 4% PFA for 30 min. They were then mounted on slides with Tris buffered mounting media containing Mowiol and 2.5% DABCO.
Immunostaining of spinal cord and DRG
Mice were terminally anaesthetised with isofluorane and perfused transcardially with buffered 4% PFA (Electron Microscopy Sciences, Hatfield, PA, USA). A dorsal laminectomy exposed the spinal cord to allow free exchange of fluid then the preparation was immersed in PFA overnight. The cord with intact DRGs was removed and segments with DRGs (approximately 5 mm) were embedded in 6% low melting temperature agarose (NuSieve, Lonza, Basel, Switzerland). Transverse 100-_m vibratome sections or whole DRG were incubated in blocking solution (4% BSA and 1% Triton X100 in PBS) for 2 h then with rabbit anti-Wld18 antibody (generous gift from Dr. M.P. Coleman, Babraham, UK) for 36 h in blocking solution at 4 °C. Sections were then washed for 20 min in PBS containing 1% Triton X100. They were then reincubated in blocking buffer for 1 h before overnight in 1/100 TRITC-or fluoroscein isothiocyanate (FITC)-conjugated swine anti-rabbit secondary antibodies (DAKO, Ely, UK) in blocking buffer. Sections were washed for 20 min in PBS containing 1% Triton X100 and Tris buffer (pH 8.5) then mounted in Mowiol-DABCO antifade. Images and z-series were obtained using a Zeiss 710 confocal microscope (Welwyn Garden City, UK). Data are given as mean_SEM unless indicated otherwise.
Results
Annulospiral sensory and y-fusimotor innervation of mouse lumbrical muscles XFP mice crossbred with Wld S mice (see Methods) show strong expression of cyan or yellow fluorescent protein in cell bodies, axons and the terminals of both sensory neurones and a-motor neurones innervating the deep lumbrical muscles (Fig. 1) . Most lumbrical muscles also contained either one or two XFP-labelled spindles. Some contained three or more spindles; occasionally we were unable to locate any spindles in a lumbrical muscle. There was no difference or bias in the mean number of spindles in muscles of either foot, or with age, or gender (Oyebode, 2009 ).
Innervated muscle spindles viewed after microdissec-tion from unoperated mouse DL muscles contained be-tween two and five intrafusal muscle fibres, each less than 10 1-m in diameter, as described in other mouse muscles (Tourtellotte et al., 2001; Desaki et al., 2010) or rat lum-brical muscles (Porayko and Smith, 1968; Ovalle, 1972; Gates et al., 1991; Kucera et al., 1991) . Each spindle was supplied by one large primary afferent axon, penetrating the capsule and terminating in annulospiral endings that wrapped the equatorial region of the intrafusal muscle fibres (Fig. 1,  Supplementary Movie 1) . Occasionally a second, smaller diameter axon innervated the same region. The length of the primary ending was 142.5±43.11 1-m (mean±SEM, n=80). The median number of annu-lospiral rotations was between 22 and 23. There was no significant difference in either the length or number of spiral bands in lumbrical muscle spindles of mice aged 8 -60 weeks (Oyebode, 2009) . Fluorescent protein was also strongly expressed in the fusimotor, -yinnervation of thy1.2-YFP16 mouse lumbrical muscles (Fig. 1C) . This comprised between two and five axons whose endings were distributed over the juxta-equatorial and polar regions, forming synapses on small motor endplates that stained positive for TRITC-a-bunga-rotoxin, thus marking them as neuromuscular nicotinic cholinergic synapses. Occasionally, one of the fusimotor axons also supplied a few (<5) collateral nerve branches to endplates on extrafusal muscle fibres. By convention, we refer to these as f3-motor axons (Porayko and Smith, 1968; Barker et al., 1977) . Interestingly, no fusimotor axonal fluorescence was observed in unoperated thy1.2CFP mouse lumbrical mus-cles, despite the original report that all motor neurones express cyan fluorescent protein (CFP) in this line (Feng et al., 2000) . Thus, counterstaining with TRITC-a-bungaro-toxin of spindles dissected from these muscles showed only postsynaptic endplates with no overlying CFPpositive axon terminals.
Sensory innervation in Wld S mice is more strongly protected from Wallerian degeneration than motor innervation
As we reported previously, in young adult (up to 8-weeks old) homozygous Wld S mice, intramuscular motor axons and their terminals were preserved for at least 3 days after axotomy (Fig. 1D, E) . By 5-7 days, only about 50% of motor endplates retain contact with motor nerve terminals and many of these endplates are only partially occupied (Gillingwater et al., 2002) . In heterozygotes, degeneration of almost all motor terminals occurs within 12-36 h of axotomy, as in wild-type mice (Wong et al., 2009) . Surprisingly, sensory axons and their annulospiral end-ings were well preserved for at least 5 days after axotomy in both homozygous and heterozygous Wld S mice (Fig.1F) , and some annulospiral endings were still present in axotomised DL muscles up to 20 days after axotomy, about 10 days longer than we have ever previously ob-served for axotomised motor nerve endings in Wld S mice. As we reported previously, intramuscular axons and motor nerve terminals are only weakly protected in Wld S mice older than about 4 months and most muscles lose all their motor innervation in these mice within 5 days of axotomy (Gillingwater et al., 2002; Beirowski et al., 2009 ). We were therefore surprised also to observe strong preservation of sensory axons and endings in Wld S mice older than 4 months ( Fig. 2A -C; Supplementary Movie 2). In the oldest mouse we studied 5 days post axotomy (an 88-week-old Wld S homozygote), no motor nerve terminals or intramuscular motor axons were preserved but four innervated spindles supplied by intact sensory axons remained altogether, in the four DL muscles of one hind foot. The number of muscle spindles with sensory innerva-days (Fig. 3A) . The mean length of the Ia endings in tion did not change significantly up to 5 days post axotomy innervated spindles did not change over this period (Fig. in Wld S homozygotes but was significantly reduced by 20 3B). However, the number of annulospiral bands de- S mouse lumbrical muscles. The number of innervating sensory axons persisting in axotomised Wld S muscles was insensitive to either age or mutant gene copy number, comparing young adult homozygotes ('Young Wld S '; 1-2 mon), old homozygotes ('Old Wld S ', >6 mon of age), or young heterozygotes (Wld S /+). (B) There was no change in the overall length of annulospiral endings in Wld S mouse muscle after axotomy, at least for 10 d; but (C) the number of annulospiral rotations steadily reduced from 1-10 d after axotomy. All data shown are mean±SEM.
creased from about 22 to about 12 within 5 days and was reduced to about 5 annuli per spindle by 10 days (Fig. 3C) , suggesting that axotomy-induced degeneration of sensory endings occurred by intercalary breakdown of the terminal structures. There was also no significant difference in the number of spindles with preservation of sensory innerva-tion comparing Wld S /+ heterozygotes with Wld S homozygotes at any age (Fig. 3D) . Like motor axons, we also occasionally noted instances of sensory axons ending bluntly in the vicinity of muscle spindles, presumably be-cause their endings had completely degenerated in advance of the axon (Oyebode, 2009) . Therefore, muscle spindles in Wld S mice remain innervated by sensory axons and their endings more than 10 times longer than they do in wild-type mice after nerve injury and more than twice as long as intramuscular skel-etomotor axons innervating the same muscles. Most nota-bly, this additional protection appears to be much less age-dependent and less sensitive to Wld S gene-copy number than degeneration of motor nerve terminals.
Does the neuroprotective effect of WldS depend on axonal branching?
Recent studies indicate that the neuroprotective effect of Wld S protein is determined by its presence in the axon, in very low abundance, rather than via the nucleus, where the protein is normally highly abundant (Mack et al., 2001; Wilbrey et al., 2008) . If the amount and distribution of Wld S protein in axons determines its neuroprotective strength and if the amount of Wld S synthesised by different neu-rones were similar, then we might expect nerve branching to dilute its downstream effects. By comparison, we know that the protective effect of the Wld S gene is reduced in heterozygotes, in which the level of Wld S protein expres-sion is approximately half that of homozygotes (Mack et al., 2001; Conforti et al., 2007 Conforti et al., , 2009 ). This hypothesis would predict that axons with the fewest branches would be the most strongly protected, and neurones with the most extensive distal axonal branching would be the least protected. Connectomic analysis (Lu et al., 2009 ) of mouse lumbrical muscles shows they contain about 250 -450 ex-trafusal muscle fibres, and these are normally innervated by four to eight motor axons, with skewed distribution of motor unit sizes, normally between about 10 and 60 mus-cle fibres. The mean motor unit size is about 40 muscle fibres (Gillingwater et al., 2002; Teriakidis et al., unpublished data) . In addition, the relative volume of the axonal compartment of motor neurones is about 30 times the volume of the cell soma; and the volume of the branched, intramuscular axonal compartment is about four times that of the soma (Ribchester and Hartley, unpublished data) . Thus, reducing intramuscular axonal branching by, say, 80% would reduce the total cytoplasmic/axoplasmic vol-ume by less than 10% (and therefore minimally affecting the total amount of Wl Wld S dS protein present) but could radi-cally increase the level of neuroprotective agent in each intramuscular collateral axon branch. The extent of nerve branching in either -y-or f3-innervated spindles is about 5-25 times less than in motor units supplied by a-motor axons. Thus, to evaluate the hypothesis that dilution of the neuroprotective effect may be related to axonal branching, we measured the degeneration of the fusimotor innervation in thy1.2-YFP16: Wld S mice. Seven teased spindles from seven 8-week-old thy1.2-YFP16: Wld S homozygotes, sacrificed 5 days post axo-tomy, showed protection of the -y-innervation of the intra-fusal muscle fibres (Fig. 4A) . The percentage of innervated-y-endplates on muscle spindles from Wld S mice 5 days post axotomy was not significantly different from the per-centage of innervated -y-endplates in teased spindles from unoperated mice (P=0.4051 Mann-Whitney U-test). Teased spindles from older Wld S mice, including seven from mice aged 42 weeks, showed -yinnervation 5-10 days post axotomy. In addition, three out of six teased spindles from mice aged 42 weeks showed some -y-inner-vation at 10 days post axotomy (Fig. 4B) . Overall, there was no significant difference in the percentage innervation of the -y-endplates comparing teased spindles from unop-erated mice and teased spindles from Wld S mice 5 days post axotomy, in any of the 8-week-, 16-week-or 32-week-old age groups we studied (Dunn's Multiple Comparison test; Fig. 4C ). However, there was a significant difference between the percentage innervation of -y-endplates in 42-week-old Wld S animals, 5 days post axotomy, and from unoperated spindles (P<0.05 Dunn's Multiple Comparison test). Teased spindles from mice aged 58 weeks showed no -y-innervation at either 3 days or 5 days (n=7 in each case) post axotomy. By contrast, teased spindles from Wld S heterozygotes showed no -y-innervation at all at either 3 (n=7), or at 5 days post axotomy (n=6; Fig. 4C, D) . This rapid rate of degeneration was therefore indistinguishable from that of a-motor endings in heterozygous Wld S mice (Wong et al., 2009) . Taken together, these data suggest that -y-innervation is preserved by Wld S at ages when protection of a-motor innervation is no longer robust, suggesting that intramus-cular axonal branching does contribute to the differences in protection of intramuscular axons, collateral branches and their terminals. However, the degree of protection of-y-fusimotor innervation was evidently just as sensitive to gene-copy number as that of a-motor units, suggesting a non-linear dependence of protection on concentration of protective agent. In neither case was protection as robust as sensory innervation. It may be that axonal branching is a weak modifier of the strength of protection conferred by the Wld S gene and the effect of dilution of the mediator is influential, but not decisive in determining the strength of the phenotype. However, there may be other differences between these different neuronal types and the levels of Wld S protein they express, which may further contribute to the differences in protection of sensory, skeletomotor and fusimotor axons, and their terminals.
Other possible determinants of slow sensory axonal degeneration
In seeking a clear explanation for the sensory-motor dif-ferences in protection, we next considered whether differ-ences in residual activity in the distal stumps, or whether differences in expression or localisation of Wld S protein might be contributory or decisive factors. The results showed later in the text suggest that activity probably plays no role but differences in expression levels of Wld S protein may provide a sufficient explanation. Axotomised sensory endings are functional in vivo and in vitro. We tested first whether axotomised distal sen-sory (afferent) axons in Wld S mice show persistent endog-enous residual activity. Propagated centripetal (efferent) motor activity terminates at the site of a peripheral nerve lesion in motor axons, so the distal axons are silent in vivo even though the distal stumps and neuromuscular junc-tions remain physiologically competent to conduct action potentials and release neurotransmitter (Tsao et al., 1994; Ribchester et al., 1995; Gillingwater et al., 2002) . But afferent activity, of course, originates in sensory receptors distal to the lesion: including muscle, joints and skin. We made extracellular recordings from the tibial nerves of two terminally anaesthetised Wld S mice, 5 days after cutting the sciatic nerve in the thigh. We did not observe any spontaneous action potentials or 'injury' dis-charges that might have been attributed to the nerve sec-tion itself. However, we observed brisk, multi-unit sensory discharges in the recordings from both mice, in response to a combination of cutaneous stimulation or flexion/exten-sion of the toes, suggesting that sensory axons of modal-ities other than proprioceptive afferents were still func-tional. The multi-unit discharges were qualitatively indistin-guishable from the recordings made from the tibial nerves on the unoperated, contralateral control sides (Fig. 5A, B) . Thus, we concluded that axotomised sensory endings in Wld S mice still respond to natural stimulation and to prop-agate activity in their axons, up to the lesioned region, for at least 5 days after axotomy. The nerve recordings represented mixed sensory dis-charges that may have included both cutaneous and mus-cle afferent activity. We therefore tested for functional com-petence of the annulospiral endings themselves, using FM1-43 as a fluorescent reporter. Muscle stretch, which depolarises annulospiral sensory endings, facilitates up-take of amphipathic styryl dyes such as FM1-43 and RH795 (Gates et al., 1991; Bewick et al., 2005) . We dis-sected lumbrical muscles 3-5 days after axotomy and pinned preparations of these at extended lengths in phys-iological saline containing 8-1-M FM1-43. Annulospiral endings in these muscles showed an increase in fluorescence compared with non-stretched muscles, suggesting that -like FM1-43 labelling of recycling synaptic vesicles in motor nerve terminals of axotomised homozygotes (Rib-chester et al., 1995; Gillingwater et al., 2002 ) -their ca-pacity to respond physiologically was also protected by Wld S (Fig.  5C-F) . Annulospiral endings of spindles in un-stretched muscles did not take up the styryl dye (data not shown). Activity does not determine differences in sensory-motor protection. If activity in the distal nerve stump were a crucial determinant of the differences in the rate of their degeneration, then abolishing or otherwise equalising the activity in sensory and motor axons should reduce or abol-ish these differences. Thus, having established that axo-tomised sensory axons and their endings remain functional in vivo, we next isolated pieces of sciatic or tibial nerve and maintained them in organotypic culture for 3-14 days (Bei-rowski et al., 2004; Barrientos et al., 2011) . Extracellular nerve recordings showed that axons in these cultures were quiescent but when stimulated electrically, they produced compound action potentials. These evoked responses de-clined in amplitude for up to 6 days in vitro, but neither the conduction velocity nor the relative refractory period of the residual axons changed significantly over this period (Franzen and Ribchester, unpublished data). We compared sensory and motor axon degeneration morphologically in cultured explants in two ways (Fig. 6) . First, we cultured explants of the saphenous nerve (purely sensory) and quadriceps muscle nerve (motor and some sensory) from three mice. Second, dorsal root (sensory) and ventral root (motor) explants were dissected and cul-tured from a further four mice. The explants were main-tained in culture medium for 5-11 days. We found in all cases that sensory axons were still preserved for substantially longer than motor axons in culture (Fig. 6A-D) . To quantify axonal preservation, we first made projections of confocal z-series and counted the number of intact axons that extended over an arbitrarily chosen distance of 95 1-m or more. After 5 days of culture, 74.9±3.38% of the axons (mean±SEM; n=3 mice, 4 ex-plants, 350 axons) in the saphenous nerve explants met this criterion, whereas only 47.9±7.88% (n=3 mice, 4 explants, 289 axons) were intact in the quadriceps nerves from the same mice ( Fig. 6E ; P<0.05; Mann-Whitney (mean±estimated SEM, 160 axons in 5 images) and 51.1± test). In one additional pair of explants, tetrodotoxin (TTX, 5.42% (157 axons in 6 images), respectively. 2 1-M) was added and maintained in the bathing medium to Next, we explanted and cultured dorsal roots and ven-ensure complete inactivity of the axons. The axonal preser-tral roots, to compare sensory and motor axon protection vation in saphenous and quadriceps nerves was 73.8±7.8% more stringently. These survived culture somewhat less well than the peripheral nerve explants but after 5 days, 48.6±16.6% of the dorsal root axons were intact over a distance of 95 1-m (mean±SEM; n=4 roots, 392 axons from two mice), whereas fewer than half the number, 21.0±11.4% (4 roots, 445 axons; P<0. 05, t-test) , were intact in the ventral root explants from the same mice (Fig. 6F) . As an additional measure, we explanted roots from one thy1.2-YFPH: Wld S mouse, in which a small subset (about 5-10%) of sensory and motor neurones express YFP (Feng et al., 2000; Beirowski et al., 2004) . In these dorsal and ventral root explants, the differences between axon protection after 5 days in culture was dramatic: 85.7±12.5% of YFP-labelled dorsal root axons (n=72 ax-ons) were intact, whereas no labelled axons (0/31) re-mained intact in the ventral root explants. After 11-days culture, dorsal and ventral root explants from one addi-tional thy1.2-YFPH: Wld S mouse, four dorsal root seg-ments contained a total of 24 YFP fluorescent axons that were intact over at least 1 mm. Several of these extended over almost the entire 5-mm length of the explant. There was only one intact YFP-positive intact axon of similar length out of five ventral root explants from the same mouse. The remaining axons had degenerated into small YFP-containing fragments. These data confirm that substantially more sensory than motor axons are preserved following axotomy in Wld S mice both in vivo and in vitro. The data are also consistent with previous electrophysiological recordings showing that 5 days after axotomy in Wld S mice about half the motor axons and nerve terminals retain functional capability (Rib-chester et al., 1995; Gillingwater et al., 2002; Bridge et al., 2009) . Overall, however, the persistence of the differences in degeneration in vitro in the absence of activity shows that greater protection of sensory than motor axons by Wld S is unrelated to the residual activity of their axons in vivo. (Fig. 7A, B) . Surprisingly, we found that a relatively small fraction of those cells with positive nuclear immunostaining for Wld S also expressed YFP in the DRG of the thy1.2-YFP16: Wld S line (compare with Table 1 in Feng et al., 2000) . The fluorescent protein expression was confined mostly to the larger cells in the DRG (Fig. 7A, C) . As we reported previously, many of the small YFP-negative cells contained small, intense Wld18-antibody-positive nuclear inclusions including spots, crescents, hoops and loops ( Fig. 7C ; see also Wilbrey et al., 2008) . These may have been non-neuronal cells although Wld S protein is not normally de-tectable in Schwann cells or other glia. Interestingly, there was little YFP fluorescence of axons or their terminals in the substantia gelatinosa of the dorsal horn of spinal cord, where the axons of many small DRG neurones normally terminate (Fig. 7A, arrow) . However, the Wld-18 immuno-staining of all the large YFP-positive DRG neurones showed uniform nuclear staining. Motor neurones in the spinal cords of the same sections (thus stained under identical conditions, and imaged with identical laser and photomultiplier settings) also showed clear and uniform nuclear Wld-18 immunostaining (Figs. 7B, E and 8B). At high magnification and image resolution (63x oil lens, 1.40 N.A) and optimal settings on the Zeiss 710 confocal microscope we also observed remarkable, dis-tinct clusters of Wld S -positive puncta in the cytoplasm of both large DRG neurones and motor neurones (Fig. 7D, F) , similar to those reported previously in cultured cells transfected with Wld S gene constructs but only visible with tyramideamplification of immunostaining . Inspection of secondary antibody-only controls also showed evidence of faint punctate staining; however, the laser power and photomultiplier gain required to observe these were both much greater than for sections labelled with anti-Wld S primary antibody. Thus, it appears that the Wld S antibody recognises highly localised concentrations of the protein associated with a cytoplasmic compartment. The patterns of the Wld Spositive clusters resemble the distribution of the ER-Golgi complex, rather than intracellular organelles such as mitochondria, and were previously shown to co-localise with markers for the ER/Golgi (Bei-rowski et al., 2009). We measured the nuclear and cytoplasmic fluorescence in 30 large YFP-positive neurones in single optical sections of the DRG and compared this with the equivalent measurements in 30 large YFPpositive ventral horn neu-rones (presumed motor neurones) in the same physical section from one mouse spinal cord. These measurements were repeated in the same numbers of neurones in a section from a second Wld S mouse. Measurements of nu-clear fluorescence intensity were made with laser power, and gain and offset of the photomultiplier detectors set identically for imaging DRG neurones and spinal motor neurones (Fig. 8A, B) . Some of the staining in either cyto-plasmic or nuclear compartments may have represented non-specific binding of the (TRITC-conjugated) secondary antibody. However, control sections stained with the anti-rabbit secondary antibody alone (no primary Wld-18 anti-body) showed a much lower level of fluorescence in the cytoplasm of neurones than in the test sections. The data show that nuclear fluorescence of large DRG neurones was about 2.4 times brighter than in motor neu-rones in the same specimen (128.7±6.6 arbitrary units versus 54.22±2.089; mean±SEM; P<0.05; Mann-Whit-ney: Fig. 8C ). In the second mouse, the corresponding data were 92.39±3.277 and 32.78±1.194 units, respec-was between 2 and 3, despite a higher background fluo-tively. Thus, the ratio of DRG nuclear fluorescence to rescence in the region of the motor neurones. Subtracting motor neurone nuclear fluorescence in the same sections the background fluorescence from the two regions would
Fig. 8. Wld
S protein is more concentrated in DRG neurones than motor neurones. (A) DRG neurones and (B) spinal motor neurones from the same preparation, imaged at identical laser power, and photomultiplier gain and offset. Large DRG neuronal nuclei were discernibly brighter in Wld S immunofluorescence than motor neurones. (C) Box-whisker plot (median, interquartile range and outliers) showing quantification of DRG neuronal brightness from one of two preparations in which nuclear and cytoplasmic intensities were measured in samples of 30 large DRG neurones and large ventral horn neurones. The DRG neuronal nuclear fluorescence was about two-fold brighter than the motor neurones (P<0.01; Mann-Whitney test) but there was no significant difference comparing the brightness of the cytoplasm of the same cells. (D) Pixel brightness from four spinal cord preparations from homozygous and heterozygous Wld S mice (mean±SEM). The settings on the confocal microscope were identical. Nuclear immunofluorescence in homozygotes was about 50% brighter than in heterozygotes (P<0.01; Mann-Whitney test). For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.
amplify the difference between sensory and motor neurones. As a reference, we also measured nuclear Wld S staining in optical sections of motor neurones from heterozygous and homozygous Wld S mouse spinal cord (Fig. 8D) . Quan-titative Western blots of brain protein extracts have previously shown that Wld S heterozygotes express about half the amount of Wld S protein as homozygotes (Mack et al., 2001; Conforti et al., 2009) . Our quantitative analysis here shows that the fluorescence intensity of neuronal nuclei in Wld S homozygotes was about 1.5 times that in heterozygotes (Fig. 8D) . Thus, the simplest explanation for the difference observed between DRG and motor neurone nuclear fluorescence in homozygotes is that DRG neurones express and concentrate in their nuclei more than twice as much Wld S protein as motor neurones. We noted that the Wld S immunofluorescence of the cytoplasm of some YFP-positive neurones seemed brighter than those that did not express YFP. This differ-ence was also apparent in DRG neurones and motor neu-rones of thy1.2-YFPH: Wld S crossbred mice. We estab-lished through careful checking of excitation and emission wavelengths in the confocal microscope that this was not due to 'bleedthrough' of YFP fluorescence; and secondary-only controls suggested it could not be due to non-specific binding of the fluorescent secondary antibody. Overall, however, we did not detect any significant difference in the absolute levels of diffuse brightness of the cyto-plasm of DRG and motor neurones. We did not attempt to quantify the intensity or density of the punctate cyto-plasmic staining. Wld18 antibody is highly specific for the Wld S protein, and therefore produces no immunostaining of wild-type preparations, either cytologically or on Western blots Conforti et al., 2009) .
Discussion
The present study confirms the difference in the protection of sensory and motor axons by the Wld S chimaeric protein in native Wld S mutant mice reported previously and ex-tends this finding by showing qualitatively and quantita-tively substantial differences in protection of sensory and motor axon terminals. Sensory endings are preserved at least twice as long as motor nerve terminals following axotomy in Wld S mice and the protection of sensory axons and their endings is hardly weakened at all in Wld S /+ heterozygotes, nor is it dramatically affected by aging. In contrast, the protection of motor nerve terminals is ex-tremely sensitive to Wld S 'gene-dose' and diminishes progressively with age (Gillingwater et al., 2002; Beirowski et al., 2009; Wong et al., 2009) . We have ruled out here at least one plausible explanation: that the differences in protection might be due to differences in ongoing evoked sensory and motor activity. Sensory axons still persisted longer than motor axons in vitro, even when all possible activity was abolished with TTX. We did find evidence for an effect of nerve branching since, at least in older ho-mozygous mice, the amount of protection of -y-motor axons and their endings was greater than that of a-motor axons and their terminals but less than that of sensory axons and their annulospiral endings innervating muscle spindles. By contrast, we did not detect any difference in the protection of the -y-innervation of spindles in wild-type and heterozy-gous Wld S mice. Finally, immunofluorescent staining for Wld S protein was more than twice as intense in the nuclei of DRG neurones than motor neurones in the same mice, and this was greater than the difference in measurements comparing nuclear Wld S -immunofluorescence in homozygotes and heterozygotes.
The site and mechanism of WldS action
In common with previous studies (Mack et al., 2001; Beirowski et al., 2009 ), we were unable to detect substantial amounts of Wld S protein concentration in the cytoplasm of axons in peripheral nerves or dorsal root or ventral roots, using either immunocytochemical staining or Western blotting. These methods are evidently just not sensitive enough to detect levels of Wld S protein that are neverthe-less more than sufficient to confer a strong axon-protective phenotype in vivo and in vitro ). However, we detected Wld S -positive punctate inclusions in both sensory and motor neurone cell bodies, consistent with targeting of the protein to an intracellular compartment possibly the ER-Golgi complex ) although differences in fluorescence intensity were not discernible in these puncta. Of course, it is by no means certain that a strong difference in the concentration of nuclear Wld S in sensory or motor neurones reflects also a sufficient difference in the cytoplasmic levels to account for the difference in sensory-motor protective phenotype Babetto et al., 2010) . However, the differences in nuclear expression levels apparent from measurements of nuclear immunofluorescence in homozygotes and heterozygotes, which does correlate with the strength of the phenotype in motor neurones (Mack et al., 2001; Wong et al., 2009) , are consistent with differences in cytoplasmic levels of Wld S in motor and sensory axons at the site of action necessary for axon protection. Interestingly, sensory axon protection in heterozygotes was al-most as strong as in homozygotes; but the fluorescence intensity differences between DRG neuronal nuclear Wld S immunofluorescence and that of motor neurones were greater than the homozygousheterozygous difference. Taken together with the observed relationship between Wld S protein level and axon protection, based on studies of transgenic mice with different expression levels of Wld S protein (Mack et al., 2001) , this suggests that the expression level of Wld S protein in sensory neurones, even in heterozygotes, is still above the level required to saturate its protective effect. Differences in the expression levels of Wld S protein in sensory and motor neurones therefore remain the most likely explanation for the differences in sensory-motor axon protection. More complex explanations, such as cell-type specific differences in set-point or gain of the molecular amplifiers in the intracellular signalling pathways that mediate the Wld S -effect cannot be ruled out. The data also indicate the importance of exercising caution, by establish-ing the level of Wld S expression in neuronal populations and sub-types before making deductions about the strength, selectivity, 'genedose' or age-dependence of Wld S -induced axonal or terminal protection phenotype in different neurones or their component parts (Wilbrey et al., 2008; Wright et al., 2010) .
Activity independence of axonal protection
Synaptic degeneration can be mitigated by environmental, activity-inducing influences (Caston et al., 1999; Hultsch et al., 1999; Selkoe, 2002; Swaab et al., 2002; Saxena and Caroni, 2007) . However, other studies suggest that inac-tivity slows axonal degeneration (Kapoor et al., 2003; Hains et al., 2004; Iwata et al., 2004) .
Wld
S mouse muscles become paralysed in vivo after axotomy because, of course, their axons are disconnected from the CNS. Clinically, axotomised limbs in Wld S mice show flaccid paralysis that is consistent with a complete absence of any spontaneous or 'injury'-induced discharges. However, NMJs remain physiologically competent for sev-eral days: compound action potentials and evoked neuro-muscular synaptic responses can still be evoked by stim-ulation of the distal stump for up to 2 weeks after nerve injury (Tsao et al., 1994; Gillingwater et al., 2002) . In contrast, axotomised peripheral sensory axons, of course, remain connected to their normal source of endogenous excitation, that is, their receptive endings in skin, joints, muscle and other tissue. The recordings we made in vivo in the present study show that natural stimuli applied by even passive movement of the hind limbs still produce afferent action potentials (notwithstanding that the signals produced reach only as far as the site of the peripheral nerve lesion). There was no evidence for any residual spontaneous activity in the axotomised nerve recordings (Fig. 5) . The present data convincingly show that equaliing activity in sensory and motor axons in vitro did not abolish their difference in resistance to degeneration in Wld S mice in vivo. Thus, differences in residual activity do not explain the differences in protection of sensory and motor axons.
Translation of protection to models of disease
Several attempts have been made to transfer the neuro-protective benefits of Wld S expression to animal models of neurodegenerative disease, with variable success. Cross-breeding Wld S mice with models of peripheral neuropathy or axonopathy disease mitigates the onset and progres-sion of disease signs (Wang et al., 2001 (Wang et al., , 2002 Ferri et al.,2003; Samsam et al., 2003; Watanabe et al., 2007; Meyer zu Horste et al., 2011) . However, not all models of neuro-degeneration are protected by coexpression of Wld S (Vande Velde et al., 2004; Fischer et al., 2005; Kariya et al., 2009) . The reasons for failure of neuroprotection in these instance are unclear but since motor nerve terminals in Wld S mice and their transgenic equivalents lose their capacity to inhibit degeneration of motor nerve terminals as the mice age (Gillingwater et al., 2002; Adalbert et al.,2005) , mouse models with a late onset of disease are less likely to benefit or be protected from co-expression of the protective gene.
Interestingly, in the present study, protection of sen-sory axons and their endings showed a much weaker dependence on mouse age. The age-dependence of the protective phenotype is also much less in transgenic mice in which Wld S protein (or Nmnat-1 activity) was targeted to axons, even at very low expression levels Babetto et al., 2010) . Expression level of the mutant protein is another important factor in determining the strength of the Wld S phenotype (Mack et al., 2001; Gilling-water et al., 2002) . Axon terminals may be even more sensitive to the Wld S 'gene-dose'. For instance, while ax-ons are protected for at least 3 days after nerve injury in heterozygous Wld S mice, which show about half the expression level of the mutant protein, the rate of degener-ation of motor nerve terminals in Wld S heterozygotes is almost indistinguishable from that in wild-type mice (Wong et al., 2009 ). Axons and their terminals in the CNS are also protected only half as strongly in Wld S heterozygotes com-pared with homozygotes (Wright et al., 2010) . These findings, together, suggest that re-evaluation of the potential protective benefits of Wld S would be worth-while in those models of axonopathy, synaptopathy or other forms of neurodegenerative disease where co-ex-pression of the natural mutant protein failed. For instance, mimicry of the Wld S phenotype may be particularly effec-tive and beneficial in the treatment of sensory neuropa-thies such as gracile axonal dystrophy (Kikuchi et al.,1990; Oda et al., 1992; Mi et al., 2005) or neurotoxic damage by chemotherapeutic agents such as cisplatin or taxol used in the treatment of cancer (von Schlippe et al., 2001; Wang et al., 2002; Watanabe et al., 2007) . Adjusting the levels of expression and the localisation of expression of Wld S protein in specific neuronal subtypes, or selective mimicry of the down-stream signalling mechanisms in those sub-types, could yield more substantial neuroprotec-tive benefits for specific sensory or motor neuronopathies than achieved previously. It is noteworthy that explants or dissociated neurones from DRG are routinely used to as-say the strength of axon protection by Wld S (Buckmaster et al., 1995; Wang et al., 2001; Araki et al., 2004; Conforti et al., 2007 Conforti et al., , 2009 ).
Conclusions
We have confirmed that sensory axons are better pro-tected than motor axons following nerve injury in Wld S mutant mice. We extended this observation first, by show-ing that the differences extend to annoluspiral sensory endings of muscle spindles compared with skeletomotor nerve terminals. The differences do not correlate with pre-dicted differences in the residual activity of axotomised distal sensory and motor axons but rather, with differences in the Wld S protein expression level detected in sensory and motor neurones.
